We have studied the effect of protein phosphokinase (EC 2.7.1.37; ATP:protein phosphotransferase) and phosphoprotein phosphatase (EC 3.1.3.16 It is well recognized that regulation of enzyme activity may be achieved by several distinct mechanisms. In recent years evidence has accumulated implicating an enzymatic interconversion of active and inactive forms of enzymes as a major regulatory control mechanism. The activity of an increasing number of enzymes may be regulated and modulated through phosphorylation or dephosphorylation involving the coordinated action of protein phosphokinases and phosphoprotein phosphatases on their enzyme substrates (1-7). The opportunities that such systems provide for coordinated control of enzymic activity are amply illustrated by the now well-established phosphorylative and functional modifications of glycogen synthetase and glycogen phosphorylase (2, 3).
to 5-fold increase of reverse transcriptase activity was found after the preincubation of reverse transcriptase with protein kinase and ATP. Incubation of reverse transcriptase with heat-treated, inactive protein kinase and ATP had no effect on transcriptase activity. When the transcriptase preparation was incubated with protein kinase and [y-3PJATP and subsequently purified by chromatography on phosphocellulose and Sephadex gel filtration, significant amounts of 32P-labeled proteins were found in the fractions exhibiting reverse transcriptase activity, suggesting 32P incorporation into transcriptase or transcriptase-associated proteins. A 20-60% decrease of reverse transcriptase activity was observed after incubation of reverse transcriptase with phosphatase. The results suggest that phosphorylative modification of reverse transcriptase may be critical in the regulation of reverse transcriptase-catalyzed DNA synthesis.
It is well recognized that regulation of enzyme activity may be achieved by several distinct mechanisms. In recent years evidence has accumulated implicating an enzymatic interconversion of active and inactive forms of enzymes as a major regulatory control mechanism. The activity of an increasing number of enzymes may be regulated and modulated through phosphorylation or dephosphorylation involving the coordinated action of protein phosphokinases and phosphoprotein phosphatases on their enzyme substrates (1) (2) (3) (4) (5) (6) (7) . The opportunities that such systems provide for coordinated control of enzymic activity are amply illustrated by the now well-established phosphorylative and functional modifications of glycogen synthetase and glycogen phosphorylase (2, 3) .
There is evidence that infection and transformation of susceptible cells by oncogenic RNA viruses, such as Rous sarcoma virus (RSV), is critically dependent upon the activity of the reverse transcriptase (RNA-dependent DNA nucleotidyltransferase) (8, 9) . In view of this finding, it is of importance to determine whether or not the enzymatic activity of the reverse transcriptase may be altered and modified and whether the modification occurs as a consequence of protein Kato and Bishop (10) .
Cells and Viruses. Schmidt-Ruppin RSV, subgroup D, (SR-RSV-D) was grown in type c/o chick embryo fibroblasts and purified as described (11) . Two weeks after infection by SR-RSV-D, the transformed cells were removed with scraping, washed with a solution of 0.14 M NaCl/0.1 M sodium phosphate, pH 7.2, and pelleted by centrifugation at 1000 X g. The recovered cells were used for the isolation of protein kinase.
Enzyme Preparations. Protein kinase from the cytosol (105,000 X g supernatant fraction) of RSV-transformed cells was isolated and purified as described (6) . After DEAE-cellulose chromatography, the pooled fractions containing protein kinase activity were additionally purified by Sephadex G-200 gel filtration (elution buffer: 0.05 M Tris buffer, pH 7.2, containing 2 mM MgCl2, and 1 mM 2-mercaptoethanol) followed by preparative isoelectric focusing (12) . The protein kinase preparation used in these studies had a specific activity of 11.6 pmol of 32P incorporated/mg of protein per min using protamine sulfate as substrate. Addition of cyclic AMP (1 1,M) to this kinase preparation resulted in a 1.54-fold stimulation of the kinase activity.
Reverse transcriptase from RS-RSV-D was purified by the method of Grandgenett et al. (13 (10) . Incubation was carried out at 350 for 10 min. The reaction was stopped by the addition of 2 ml of 10% trichloroacetic acid, and the samples were filtered on Millipore filters. The loss of 32P label from [32P]protamine sulfate after incubation was used as index of phosphatase activity. When reverse transcriptase from phosphocellulose fractions was used as a substrate for alkaline phosphatase dephosphorylation, the transcriptase was dialyzed extensively against 10 mM Tris buffer (pH 8.0); 2 mM 2-mercaptoethanol; 0.1 mM EDTA to remove orthophosphate before the reaction.
Heat inactivation of protein kinase activity was carried out by incubation of the preparation for 15 min at 75°. Alkaline phosphatase was heated at 950 for 15 min. After the heat treatment, the enzymatic activities were totally destroyed.
RESULTS
Partial Characterization of Protein Kinase. Protein kinase isolated from the cytosol of RSV-transformed chick embryo fibroblasts and partially purified by DEAE-cellulose chromatography, Sephadex G-200 gel filtration, and preparative isoelectric focusing exhibited an average isoelectric point of pH 5.7 (Fig. 1 tography to determine its specific activity from the reverse transcriptase activity and protein concentration. As shown in Table 1 , the specific activity of the transcriptase increased more than 2-fold under the experimental conditions. In a parallel study, the protein kinase preparation did not produce any measurable protein concentration in the eluates of phosphocellulose column.
Phosphorylation of Fractions Containing Reverse Transcriptase Activity. To gain information as to whether or not the stimulation of reverse transcriptase activity may involve phosphorylation of reverse transcriptase or reverse transcriptase-associated proteins, a phosphorylation experiment was carried out (Fig. 4) . Protein kinase and reverse transcriptase preparations were incubated in the presence of [y-32P]ATP under conditions of optimal protein kinase activity. After the incubation the reaction mixture was dialyzed and subjected to chromatography on phosphocellulose to isolate reverse transcriptase. Trichloroacetic acid-insoluble 32P radioactivity, reverse transcriptase, and protein kinase activities were assayed in the eluted fractions. Protein kinase activity and some trichloroacetic acid-precipitable radioactivity were found in the fractions that did not adsorb onto the phosphocellulose column. As shown in Fig. 4A , reverse transcriptase activity was eluted with 0.22-0.25 M potassium phosphate. Significant amounts of 32P radioactivity were eluted in the fractions containing reverse transcriptase activity but not in the other fractions. Sephadex gel filtration on the combined transcriptase fractions from phosphocellulose column was carried out further according to the method of Faras et al. (16) . Again, the reverse transcriptase activity coincided with the radioactivity (Fig. 4B ). Considering the partially purified state of the eluted reverse transcriptase, the data allow the tentative conclusion that reverse transcriptase or reverse transcriptase-associated proteins is selectively phosphorylated.
Effect of Phosphatase on Reverse Transcriptase Activity. The observations of a protein kinase-mediated activation of reverse transcriptase and phosphorylation of reverse transcriptase or reverse transcriptase-associated proteins suggestBiochemistry: Lee et al. 32P-labeled protein fraction was subjected to chromatography on phosphocellulose (13) . Elution was carried out with a linear gradient of 10-500 mM potassium phosphate. Aliquots (0.1 ml) of the eluted fractions were taken for the assay of reverse transcriptase activity (0) and for assay of 32P radioactivity (0). (B) Sephadex G-100 column: The fractions containing enzyme activity from panel A were pooled and applied to Sephadex G-100 column (1.5 X 88 cm) as described by Faras et al. (16) It is unknown at present whether reverse transcriptase is subject to phosphorylative modification in the virion of RSV. (15, 20) . The origin of protein kinase as a host or virus coded component and its physiological role remain obscure. In RSV, we have observed a cAMP-independent protein kinase activity associated with the viral core (unpublished observation). Immunological and enzyme kinetics studies may clarify its relationship to the cellular protein kinase. The mechanism of reverse transcriptase activation by phosphorylation is yet to be studied. It is not known whether the activated transcriptase would transcribe the viral template into products different from those by transcriptase without activation, or whether the activated enzyme has a better affinity to the primer (21) and the template of reverse transcription. Neither is known whether lack of the activation is related to the low DNA polymerase activity of certain viruses, such as the reticuloendotheliosis virus group, or to the temperature sensitivity of reverse transcriptase from certain oncornavirus mutants (22) .
The observation that reverse transcriptase can be subjected to phosphorylative and functional modification may be of biological significance. Upon infection, activation of reverse transcriptase by the protein kinase of the virion or of the host cell may precede the actual replication of viral RNA in RSV. On the other hand, reverse transcriptase may be dephosphorylated by phosphatase of viral or cellular origin into an inactive or less active state for packaging in the virions where viral replication may not be desired.
